A realistic EOS (equation of state) leads to strange stars (ReSS) which are compact in the mass radius plot, close to the Schwarzchild limiting line [1] . Many of the observed stars fit in with this kind of compactness, irrespective of whether they are X-ray pulsars, bursters or soft γ repeaters or even radio pulsars. We point out that a change in the radius of a star can be small or large, when its mass is increasing and this depends on the position of a particular star on the mass radius curve. We carry out a stability analysis against radial oscillations and compare with the EOS of other SS models. We find that the ReSS is stable and an M-R region can be identified to that effect.
Introduction
Recently there has been some excitement about the possibility that some compact stars are made from unusual forms of matter [2] . Further, from an analysis of over 1 million seismic data reports sent to the U.S. Geological Survey in the years 1990-93, which were not associated with traditional epicentral sources, Anderson et al. (2002) claim to have found two events that 'have the properties predicted for the passage of a strange quark nugget' through the earth [3] . Approximately 8000 separate seismic stations around the world are included in the database. If confirmed this would be a discovery similar to the detection of gamma ray bursts .
The best observational evidence for the existence of quark stars seems to come from some compact objects like the X-Ray burst sources SAX J1808.4−3658 (the SAX in short) and 4U 1728−34, the X-ray pulsar Her X-1 and the super burster 4U 1820−30. Among these the first is the most stable pulsating X-ray source known to man as of now. This star is claimed to be an ReSS with mass [4] ∼ 1.3 M ⊙ and a radius of about 7 km. The mass of 4U 1728−34 is claimed to be less than 1.1 M ⊙ in Li et al. [5] , which places it much lower in the M-R plot (Fig.1) . So it could be still gaining mass and shift to another stable point on the M-R graph. Thus in the model proposed in [1] there is a possible answer to the question posed by Franco [6] : why are the pulsations of SAX not attenuated, as they are in the 4U 1728−34 ? Fig.1 presents M-R relations for neutron as well as strange stars. The current phenomenology of compact objects could be interpreted to indicate that the mass of a star increases due to accretion so that the radius of a star changes from one point of the stable M-R curve to another. For neutron stars, exemplified by the EOS BBB 1 -the curve on the right in Fig. 1 -a smaller mass would imply a larger radius for the star. If the mass of the star increases it should contract. Therefore, expansion due to an increase of mass, subsequent to accretion, is an unstable process for a neutron star. The expected behaviour for SS is directly opposite to that of neutron stars as Fig.1 shows and therefore may support the claim that some compact stars are ReSS.
Coupled to our claim are various other evidences for the existence of ReSS, such as explaining the compact M-R relations of the two candidates given in [1] (namely, the Her X-1 and the 4U 1820−30), as also the possible explanation of two kHz quasiperiodic oscillations in the 4U 1728 -34 [5] .
Recently we found that the matter of an ReSS may have diquarks on the surface which could account for the delayed emission of huge amounts of energy, after a thermonuclear catastrophe. This could be a possible scenario for superbursts [8] .
Some of the stars like the SAX J1808.8−3658 or the PSR 1937+21 are fast rotors. ReSS have the possibility of withstanding high rotations which neutron stars or even bag SS cannot sustain. The maximum frequencies for the two EOS of D98 are 2.6 and 2.8 kHz respectively when they are on the mass shed limit (supramassive model) and 1.8 kHz and 2 kHz when they are in the normal evolutionary sequence as shown in Gondek-Rosińska et al. [9] . In the present paper we further show that the ReSS are not only stable under fast rotation but also against 1 this is one of the set calculated by Baldo, Bombaci and Burgeo [7] using a realistic nuclear equation of state. radial oscillations.
The strange matter hypothesis has been used to postulate a scenario whereby a neutron star collapses to a quark star, simultaneously with a gamma ray burst -the so called phenomenon of a quark nova [10] .
In the cosmic separation of phase scenario of Witten [11] SS are created along with baryons in a hot environment during the expansion of the early universe. The problem was investigated for ReSS [12] and it was found that they are formed at a temperature T ∼ 70 MeV . Since it is self-sustaining, the system expands as the Universe cools, the ReSS expands like the Universe itself with cooling [12] . The calculation also suggests that the shift in entropy due the change from normal to strange matter is not very large, indicating that the phase transition is relatively smooth.
We note that in a series of early papers van Paradijs ([13]) had noted that (i) the X-rays for bursters originate from stars with radii around 7 kms, assuming a canonical mass of 1.4 M ⊙ for them and (ii) if one assumes a lower mass the estimated radii also becomes lower, which fits the M-R relation for the ReSS (Fig. 1) Because of the extremely strong electric field stretching outside the stellar surface within ∼ 10 −10 cm [14] Usov [15] suggested that at a finite surface temperature (5 × 10 8 K) of an SS one expects to have the creation of e + e − pairs on its surface. Such an effect could be an additional observational signature of SS with nearly bare quark surfaces. The strange matter equilibrium will not allow the pair production to quench, contrary to the comment in [16] as pointed out in [17] . Usov claimed that the chemical potential of the electrons at the surface is large compared to their mass, being around 20 MeV and the mean velocity of the electrons is very high, so that the electric field will be restored very quickly. In our calculations we specifically find this to be ∼29 MeV, thus strongly supporting the conclusions of Usov.
Usov has further claimed that from the nature of the two step process, viz. e + e − pair production and subsequent γ emission, the soft γ repeaters are indeed very young SS [18] and their genesis may be due to the impact of comet like objects with these stars [19] .
We must also add that radio pulsars may be SS as was suggested recently by Xu et al [20] for the PSR 0943+10 and all other drifting pulsars. Further, Kapoor and Shukre [21] used a remarkably precise observational relation for pulsar core component widths of radio pulsars to get stringent limits on pulsar radii, strongly indicating that some pulsars are strange stars. This is achieved by including general relativistic effects due to the pulsar mass on the size of the emission region needed to explain the observed pulse widths. A recent paper supporting their ideas is Xu, Xu and Wu [22] for PSR 1937+21,the fastest known radio pulsar.
The calculations for cold ReSS by Dey et al. [1] enables us to draw conclusions about chiral symmetry restoration (CSR) in QCD when the EOS is used to get ReSS fitting definite M-R relations [1, 4, 5] . The empirical M-R relations were derived from astrophysical observations like luminosity variation and some properties of quasiperiodic oscillations from compact stars. The density dependence of the strong coupling constant can be deduced from the CSR described above [23] .
Recently Glendenning [24] has argued that the SAX could be explained as a neutron star rather than a bare SS, not with any of the existing known EOS, but with a hypothetical one, satisfying however, the well-accepted restrictions based on general physical principles and having a core density about 26 ρ 0 . Of course, such high density cores imply hybrid strange stars, subject to Glendenning's assumption that such stars can exist with matching EOS for two phases. There is the further constraint that if the most compact hybrid star has a given mass, all lighter stars must be larger. It was found in Li et al. [5] that the star 4U 1728−34 may have a mass less than that of the SAX and yet have a smaller radius. Another serious difference is that the EOS of D98, using the formalism of large N c approximation, indeed shows a bound state in the sense of having a minimum at about 4.8 n 0 , whereas in Glendenning [24] one of the assumptions is that strange matter has no bound state.
ReSS model -the EOS
The model solves the relativistic mean field equation with a realisticinteraction, the quark masses decreasing with density and restoring to their current mass values at high enough density. Moreover, the bare, confininginteraction is expected to get screened in the medium. The inverse Debye screening length (D −1 ) is an increasing function of density. With these two conditions, namely the tendencies towards deconfinement and chiral symmetry restoration with density, we set out to obtain the required EOS for beta-equilibrated, charge neutral strange quark matter (SQM) containing uds quarks.
The plausibility condition for SQM to be preferred to ordinary matter is,
In Fig.2 we have shown that the energy per baryon for our equation of state (EOS1 of [1] ) has a minimum at E/A = 888.8 MeV compared to 930.4 of F e 56 . The pressure at this point is zero and this marks the surface of the star as can be seen when the well known TOV equation is solved. The curve clearly shows that the system can fluctuate about this minimum -so that the zero pressure point can vary. The EOS is parameterized to a linear form in [9] as
where a and ǫ 0 are two parameters, a = 0.463 and ǫ 0 = 1.15 × 10 15 gm cm −3 . For EOS3 they are a = 0.455, ǫ 0 = 1.33 × 10 15 gm cm −3 . Sharma et al [25] showed that the model possesses scaling properties similar to the bag model.
The bag model EOS, which satisfies the plausibility condition Eq.(1), must have a bag constant which cannot be higher than 75 MeV /f m 3 when the strange quark mass is taken to be 150 MeV . We have plotted this EOS as a dashed curve in Fig.2 . The minimum in E/A is seen to occur at a low density, about ∼ 2n 0 where n 0 is the normal nuclear matter density of 0.17/f m 3 . This kind of density may have been already reached in present day heavy ion collision experiments and yet no clear signature of stable strange matter has been observed. This problem does not occur with ReSS where the surface density is about ∼ 5 n 0 . In addition to this, the bag does not fit the M-R data for the strange star candidates as has been repeatedly stated before [1, 4, 5] . The minimum of energy of the bag model (dashed curve) is 921 MeV . The gain in energy in strange matter, using the bag model, is only a few MeV over F e 56 , of the order of thermonuclear energy release. For the realistic EOS it is much larger ∼ 40 MeV .
The unusually hard X-ray burster GRO J1744−28 [26] or the soft γ repeaters [27] require the strange star models, since these stars require an energy release which is large compared to thermonuclear energies. With the bag model that would fit the requirement Eq.(1), it is difficult to explain the hard X-ray bursters or soft γ repeaters since the energy gain over F e 56 is only ∼ 3 MeV .
Mass -Radius
Quasiperiodic oscillations in the 4U 1728−34, led to the idea that it is an ReSS [5] with a mass 1.1M ⊙ . The star is 4.3 kpc away.
We elaborate on the point mentioned above, namely that if an SS gains mass due to accretion its radius might not necessarily change. We demonstrate this in Fig.3 by the horizontal tangent line drawn on the ReSS M-R relation. It is possible that the X-rays or γ rays emitted by a compact object is due to the conversion of the accreting normal matter to strange matter [28] . The energy gain by a baryon on conversion is nearly ∼ 40 MeV or so, making it a very favourable event. Thus a star of small mass may become heavier with a consequent increase of the radius. However, when it reaches the horizontal line dR dM is zero and its radius does not increase for some time. We have fitted the M-R curve to a polynomial,
The parameters a i are given in Table 1 for the convenience of possible users. The parameters obtained from the two EOS are given in Table 2 .
It is found that some X-ray bursters like the 4U 1728−34 do not show any radial expansion whereas others like the KS 1731−260 are usually observed only in bursts that exhibit photospheric expansion [29] . We conjecture that the persistently bright X-ray transient KS 1731−260 was a low mass star gaining mass and thus a radius expansion was allowed by the TOV stability criterion. After 11.5 years of activity this source was detected in January 2001 with Chandra in quiescence with a luminosity that is comparable to other normal X-ray emitting compact stars [30] . This could also be explained if the star, in these decade of expansion, has reached the same stage as the 4U 1728−34.
Radial oscillations of a relativistic star
Thirty five years ago Chandrasekhar [31] investigated these radial modes. They give information about the stability of a stellar model. Recently such studies have been carried out for many existing neutron star EOS [32] . Sharma et al [25] made a stability analysis of Eqn. (2) and found that the EOS is stable against radial oscillations. However, a more detailed analysis is needed to restrict the M-R relation. For completeness an outline of the scheme is given below.
The spherically symmetric metric is given by the line element
Together with the energy-momentum tensor for a perfect fluid, Einstein's field equations yield the TOV equation which can be solved if we have an EOS, p(n B ) and ǫ(n B ). Given the central density ǫ c , we can arrive at an M −R curve by solving the TOV. Without disturbing the spherical symmetry of the background we define δr(r, t), a time dependent radial displacement of a fluid element located at the position r in the unperturbed model which assumes a harmonic time dependence, as δr(r, t) = u n (r)e iωnt .
The dynamical equation governing the stellar pulsation in its nth normal mode (n = 0, is the fundamental mode) has the Sturm-Liouville's form ( for details, see [33] )
where u n (r) and ω n are the amplitude and frequency of the nth normal mode, respectively. The functions P (r), Q(r) and W (r) are expressed in terms of the equilibrium configuration of the star and are given by
where the varying adiabatic index Γ is given by Γ = (ǫ + p) p dp dǫ ,
ǫ and p being the energy density and pressure of the unperturbed model, respectively. Eigenfrequencies can be obtained with the boundary conditions, 1. at the centre r = 0, δr = 0 and 2. at the surface δp = 0 leading to Γ p u(r)
Since ω is real for ω 2 > 0, the solution is oscillatory. However for ω 2 < 0, the angular frequency ω is imaginary, which corresponds to an exponentially growing solution. This means that for negative values of ω 2 the radial oscillations are unstable. For a compact star the fundamental mode ω 0 becomes imaginary at some central density ǫ c less than the critical density ǫ critical for which the total mass M is a maximum. At ǫ c = ǫ 0 c , ω 0 vanishes. All higher modes are zero at even higher central densities. Therefore, the star is unstable for central densities greater than ǫ 0 c . To illustrate, we plot the eigenfrequencies ω n against ǫ c , the central density in Fig. 5 . The fundamental frequency ω 0 does vanish at some ǫ 0 c while the higher modes remain nonzero.
Numerical values of masses, radii, central densities and the corresponding eigenfrequencies ω 0 , ω 1 and ω 2 are given in Tables 3 and 4 for our EOS1 (SS1 [1] ) and EOS3(SS2 [1] ) respectively. The corresponding linear fits described by Eqn. (2) for SS1 and SS2 are given in Table 5 and 6.  Tables 7 and 8 are for the bag model EOS with different parameters.
Discussions and summary
In summary, evidence for the existence of strange stars have been accumulating. In the present paper we review possible candidates and suggest that the properties peculiar to some of the compact stars can be explained if they are SS. In particular we point out that mass accumulation due to accretion does not lead to an increase in the radius for stars like the 4U 1728−34, claimed to be low mass SS from accretion data [5] . If some compact objects are proven to be ReSS then parameterizations of QCD chiral symmetry restoration at high densities for quarks, the smallest particles known, can be achieved with the help of data from some of the heaviest objects in the Universe.
ReSS are stable against radial oscillations close to the maximum attainable mass. For example, the EOS of SS1 sustains gravitationally, M max ∼ 1.4M ⊙ , R=7 km with a central number density n c ∼ 16n 0 . However, the fundamental frequency of radial oscillations becomes zero at around n c 9.5 ∼ n 0 , destabilizing the star after M=1.36 M ⊙ with R= 7.24 km (Table  3) . It is still on the dM dR > 0 region. Thus the maximum mass star which is stable against radial oscillations has a number density ∼ 9.5n 0 at the centre and ∼ 4.7n 0 at the surface. Macroscopically, upto this density small vibrations may be sustained.
A corresponding linear fit has the stable values M=1.34 M ⊙ and R=7.35 km (Table 5 ). Radial oscillation is rather sensitive and the fit is better than 3% (Tables 3 and 5 ). The same pattern is seen for SS2 and the corresponding linear fit (Tables 4 and 6 ). Thus we see that almost all of the M-R region is stable.
There has been a recent controversy about the star RXJ1856.−3754 − whether it can be inferred to be a strange star [2, 34] . Analysis of the observational data of this "no pulsar", 120 pc away, cool star is not conclusive. As noted by [35] the stable portion of the M − R region shown in Fig. 4 can accommodate this star very easily. This could be a possible candidate of our SS model provided its mass and radius are established beyond controversy. [35] A.R. Prasanna and Subharthi Ray, astro-ph/0205343. 
